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W The research involves an extensive investigation of analytical and physi-
.y .

:0‘1: cal aspects of gas phase spectroscopy. The goal of these studies is the
o}

4 ) i development of high sensitivity, high selectivity, precise, accurate methods
By "

"") of analysis of elements in real samples by atomic absorption, atomic emission,
¥

: atomic fluorescence, atomic ionization, and atomic photothermal methods. The
)

: : major research projects have included: evaluation of the mechanism of vapori-
'O‘. .

A

Lt zation, atomization, excitation, and ionization of N2 molecules in the ICP;
u" derivation of expressions to c}escribe analytical growth curves in AFS;
ot

" measurement of OH rotational population distributions in combustion flames and
B

i evaluation of the departures from thermal equilibrium; evaluation of the
K analytical uses of flame and furnace coherent foward scatter spectrometry
b
::\: using both lasers and continuum conventional sources; evaluation of a Cu-vapor
o>,

1

pumped dye laser and several detection methods for atomic fluorescence and

: atomic ionization; evaluation of laser excitation of atoms in graphite fur-
¢

Y
% naces and ICPs as analytical methods; diagnostical studies of the effect of RF
W

4% power, cooling gas flow rate and height on atomic fluorescence and emission
:" measurements using the extended torch ICP; development and evaluation of
A

- surface burners to produce diffusion flames for atomic spectrometry; and
\C
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- evaiuation of analytical and diagnostical methods for flames based upon laser
‘i‘ excitation and polarization, photothermal, and saturated interference measure-
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PROGRESS REPORT

Review of Methods. The use of the inductively coupled plasma, ICP, as a

source and as a cell in atomic fluorescence spectrometry, AFS, is reviewed by
Omenetto and Winefordner (1). These workers give the major references con-
cerning the ICP in analytical AFS and discuss the use of the ICP as a source
for atoms in flames, furnaces, and plasmas and the use of the ICP as a cell
with conventional as well as laser source excitation. The same authors (2)
review scattering in AFS. In the latter review, scattering is defined and
expressions are given for the intensity of scatter from gaseous species as
well as particulates. Seventeen methods of correcting for scatter errors in
AFS are discussed in detail. The correction methods include: non-resonance
fluorescence, wavelength scanning, wavelength modulation, two line method with
one or two sources, quenching based method, polarization based method, source
profile method, time resolution method, Zeeman method, intermodulation and
harmonic saturated methods, double resonance and 2-photon methods, sensitized
fluorescence, wing excitation method, and photodissociation-photoionization
based methods.

Fundamental Studies. The mechanisms of excitation of atoms and ions in

the ICP have been further studied by Hasegawa and Winefordner (3-5). In the
first paper (3), number densities of atomic and molecular species in the ICP
were estimated in the following way. Based on the Collisional-Radiative (CR)
model, calculations of electronic level number densities of the hydrogen atom
and the nitrogen molecule, their ground state densities were determined from
T, (electron temperature), Tg (gas temperature), ng (electron density) and
absolute emission intensities. For other species, thermal equilibrium des-

cribed by T_ was assumed, considering the reaction rates for dissociation
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{;2 The calculated spatial profiles showed that an aqueous solution is effi-
'é"o

ciently introduced into the narrow central channel and is almost completely
-
‘\"’ decomposed to hydrogen and oxygen atoms and diffused in the lateral direction
B . with increasing height. Contrary to hydrogen and oxygen, nitrogen was pre-
Wy
N ferentially present as N2 molecules because of its relatively high dissocia-
S
¥ tion energy. The N, profiles also indicated the off-axis high temperature
W
L
;‘ ] zone at lower plasma heights minimized air entrainment from surrounding atmos-
"y,

phere, but the concentration of N2 and 02 rapidly increased up to about 1x1018
':;, cm—3 at a height of 65 mm due to the bell shape configuration of temperature.
.: Diagnostics of nitrogen molecules in the ICP have been evaluated with
i respect to collisional processes with electrons, argon atoms and nitrogen
-.“
@: molecules (4). Based on reaction probabilities, defined as the product of the
g
)
i rate coefficient and number density of colliding species, argon collisions
b
b were proposed as the dominant excitation mechanism for rotational transitions
_,. of Ny, while vibrational transitions showed complex behavior depending upon
o
I the vibrational quantum number. Furthermore, the excitation mechanism for
'
(o
'j electronic levels was considered by applying the collisional-radiative (CR)
"y
\" model including heavy particle collisions, such as mutual N2 impact and
P
. I Penning processes.
‘ The present excitation model for nitrogen molecules in the ICP has led to
cY
'&: the following conclusions.
::‘-:, (i) Rotational transitions are dominated by argon atom colli-
)
7‘ ' sions. As a result, NE'Trot is considered to be close to Tg
14%,¢,
),\ . of Ar.
1
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vib? is predominately caused by

L)
4
W (ii) Vibrational temperature, T
\
' electron impact for lower vibrational levels, while higher

vibrational levels are subject to argon collisions.

"
W
o

) (iii) Electron collisions, are, as a whole, the main processes for
37 4Y
5? electronic excitation and de-excitation. However, sponta-
,?» neous emission largely contributes to the B-C transition,
I

which results in the underpopulation of the C state compared

[/
Y to the LTE value.
R

L
o,

;. Temperature measurements for neutral nitrogen molecules in the ICP were
5# obtained from the emission spectra of the N, second positive bands by using a
ﬁ medium resolution monochromator (5). The rotational temperature, T, esti-
* mated from the half-widths of the over-all band profile, was approximately
.
$: 4000 K around the observation height of 70 mm, which was substantially higher
(

1)
ot
;b: than that of OH (2000 K). Tvib was in the range of 2500-5500 K and had a
o
l..

) similar spatial profile as those of Texc or Te reported previously, namely an
il
3% annular structure which changes to a bell-shape with increasing observation
.
' height. Detailed considerations on the energy balance in the plasma suggested
D.. '
- that the energies gained by nitrogen molecules through collisions with elec-
# _ trons were lost by heat conduction in the radial direction, and collisions
| ]
ff between N, and Ar were thermally equilibrated. The N, band emission inten-
é. »

e sities and vibrational temperatures showed the significance of air entrainment
,f . from the surrounding atmosphere at higher positions in the ICP,
2
:s Zpatial distributions of Na resonance level lifetimes in the inductively
-t ~oupled plasma (ICP) were measured by time-resolved laser-excited fluorimetry.
:: In order to elucidate the quenching mechanism, the lifetimes obtained were
.
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compared to theoretical values estimated from the quenching rate coefficients
and number densities of colliding species. As a result, it was shown that
resonance level Na atoms were mainly deactivated by electrons at lower heights
in the plasma, while collisions with nitrogen molecules entrained from the
surrounding atmosphere dominated the quenching reaction in the tail flame
region.

Zizak, et al. (6) measured the rotational population distribution of OH
in three different flames by laser-excited fluorescence. We have confirmed
the results of Crosley for the methane-air flame and extended the analysis to
a methane-oxygen-argon and acetylene-air flames. The distributions appeared
to be strongly dependent on the laser excited level and only minor effects
seem to be related to the gas composition and temperature. When exciting low
levels (1-5), the slope of the distribution for the higher levels (10-15),
appeared to be temperature and composition sensitive. Thus, accurate tempera-
ture measurements were possible only in very specific cases or if previous
knowledge of the individual branching ratio, Ric/Qi for the higher levels is
available.

Smith, et al. (7) have shown how to estimate absolute number densities
(cm'3) from the shapes of atomic fluorescence growth curves. From the expres-
sion given and the measurements made, it was apparent that with increasing
number density, the point of departure from linearity did not depend very
strongly on the parameters which affect the curve shape but was related to the
oscillator strength of the atomic transition and the pathlength over which
fluorescence i3 produced. It was therefore possible to obtain an approximate
absolute atomic number density in a plasma or flame by measuring a complete
fluorescence COG and noting the point at whicnh the upper end Jdeparts from

linearity. Referring to Table 1, this point occurred at values >f koL ranging
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ﬁ} from 0.7 to 6.0, depending upon the relative halfwidths of the excitation and
L
AN}
. absorption profiles and the damping parameter. Prefiltering shifted the point
.."
%s of departure from linearity much more so than post-filtering, and the combined
sy
3's . effects caused departure from linearity at number densities an order of magni-
:‘Q:‘
tude or more lower than when no filtering effects were present. Our treatment
’\{ applied for linear interaction between the absorbing atoms and the radiation
o
2
’;J and so if useful when non-laser sources were used. However, it was easy to
* realize that the same treatment was also applicable for satwated conditions
o
ﬁ with laser excitation. In this case, if the laser was able to bleach the
A
sg transition also at high atomic densities, only post-filter effects would need
0
0..0
X to be considered. On the other hand, saturation broadening and other effects
UE would also complicate the treatment; work is underway to provide a similar
o
o
;4; treatment as the present one to the shape of laser excited fluorescence and
: ionization growth curves.
e
.90
: '
Sy TABLE 1
t)' Variation of the (koL) p Values with Different Values
T of the Damping Parameter and Source Profile
~: to Absorbing Doppler Width Ratio
Wi
k)
‘» AAS/AAD 0.01 0.1 1.0 2.0
px
® 0.05 0.68 0.78 1.8 3.1
oy 0.5 0.72 0, 81 1.9 3.2
\: 1 0.76 0.86 2.0 3.3
X 5 0. 81 0.93 2.4 3.9
Pac
@ 10 1.0 1 2.5 4,1
L}
tha 50 1.1 1.2 2.7 4.6
M3
o 500 1.1 1.2 2.8 5.6
by
K
ay
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Expressions (8) have been given fc~ emission, absorption and fluorescence
with line and continuum source excitation which allow determination of the
absolute number density of species present in a flame or plasma. The cal-
culated results from these expressions and the experimentally determined
results showed that the intersection point of the low and high concentration
asymptopes were within one order of magnitude for all three methods. In
contrast to many methods for determination of number densities, absolute
calibraticn of the source or the detector was not required and a minimal
knowledge of the atom and source characteristics was needed. Absolute elemen-
tal analysis (within a factor of 2-3X) is certainly a possibility.

Coherent Forward Scatter Spectrometry (CFSS). Davis and Winefordner (9-

11) have evaluated Coherent Forward Scatter Spectrometry (CFSS), as an analyt-
ical method. Coherent forward scattering atomic spectrometry involves the
rotation of polarized light by atoms located within a transverse or a longi-
tudinal magnetic field, the Voigt and Faraday effect, respectively. Davis and
Winefordner (8) used a continuum source to excite simultaneously all atomic
transitions. A set of polarizers was used before and after the atom reservoir
to polarize initially the incident light and detect the rotated light, respec-
tively. This study employed both an air-acetylene flame and a graphite fur-
nace as atom reservoirs. A DC transverse magnetic field was employed around
the atom reservoir. A monochromator, a photomultiplier and a lock-in ampli-
fier form the detection system. The analytical figures of merit for several
clements using the system were determined. While the limits of detection
(LODs) for the flame were poor, the absolute LODs for the graphite furnace
showed snme promise in view of the multi-element capabilities of CFS in ana-

lytical chemistry (see Table 2).
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The LODs of the present system (see Table 2) should be greatly improved
by using a more intense continuum source which has better optical qualities;
this should lead to an improved signal-to-noise ratio. It would be advan-
tageous to increase the source intensity to the point that the blank (the
light passing through the crossed polarizers) was increased sufficiently to be
the same order of magnitude as the flame emission or the dark current of the
PM tube. The LOD for Pb at 283.306 nm could be decreased by use of quartz
polarizers, which would also allow evaluation of Zn and As at 213.856 nm and

197.2 nm, respectively.

TABLE 2

Limits of Detection (S/N = 3) for Multi-Element CFS

Element Wavelength Flame Furance

(pg/mL) (ng)?

ca 422,673 0.1 (0.7)P --

cr 357.869 3 (6)° --

Cu 324,754 0.2 0.3 (0.5)°

Pb 283.306 3 3

Mg 285.213 0.05 (0.2)° --

Mn 279.482 - (b --

Ag 328.068 0.3 (3)P 0.1

Na 588. 995 0.04 0. 04

sr 460.733 0.6 0.2

T1 377.572 2 --

While the LODs for the continuum source CFS system are poor compared to
those found in electrothermal and flame AAS, the multi-element capabilities of
tne system still make the system analytically viable. The future of CF3S in
analytical chemistry lies in the application to a simultaneous multi-element

furnace system. The furnace has the advantage of handling small sample sizes
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; and providing low absolute detection limits. Continuum source CFSS has the
)
al
- advantages of being a background corrected techniqua, a multi-element techni-
t,." .
:-i que, and excitation over the entire absorption profile (normal or anomalous
’o
.:ﬂ splitting). In addition a well-designed continuum source CFSS system with an
‘ .
,-"—.
kj AC magnet and an echelle spectrometer could also be used for multielement
‘o
gy Zeeman atomic spectrometry as well as for multielement CFSS. Thus with a
‘ 3
3
:“¢ further reduction in the LODs and increased Useful Analytical Ranges (UARs),
.‘."
- continuum source CFSS may become a viable analytical technique for multi-
b element analysis.
B
o
“:d Davis and Winefordner (9) evaluated the noise characteristics of a multi-
Ly
' element Voigt-effect CFSS system. A fuel-rich air-acetylene flame was used as
}if the atom reservoir in this study. A Glan~Foucault calcite prism polarizer,
L
:?}] placed prior to the flame, was oriented at a 45° angle to the magnetic field.
o
O
s A second polarizer, the analyzer, was placed after the flame to detect the
1S
-
|,:- amount of light which is rotated. When the analyzer was oriented orthogonally
B\
S
l%g to the first polarizer, the signal produced was proportional to the square of
Sy
» ‘f..
) the concentration of the analyte. The CFSS signal could be linearized with
5& respect to concentration by offsetting the analyzer by a small offset angle.
E
X J'.-l
;ﬁﬁ The study of the noise characteristics of the squared and the linear CFSS
[} =
.K systems has helped to enumerate the various noise sources which will be
,G? encountered in both systems. The major source of noise for the squared system
'
1. .
>, .
.:¢ appeared to be shot noise from the flame and PM tube dark current, while the
f:& ' primary noise source for the linear system in this study was the flicker noise
'5& . from the source used. Background spectra also demonstrated the CFSS effect
R,
~;: for Gl {n the flame. Along with enumerating these problems, the results of
*
)
Q) this study nave suggested various jmprovements which could be made in a Voigt
;‘G: effect ZF35 system to optimize its performance in multi-element analysis. A
" ',
.D T,
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comparison of LODs for Ca 422.673 nm using Amplitude Mo<ulation and DC

A

measurement is given in Table 3.

Davis, et al. (10) have also evaluated a dye laser excited Voigt effect
[
2 _ CFSS system. Our system employed a transverse magnetic field around either an

air-acetylene flame or a graphite furnace. A second polarizer, the analyzer,

S5 was used to detect the amount of light which was rotated. Since the signal
ol

f: produced in CFSS was proportional to the incident intensity of lignt, it was
L.

! postulated that the use of a laser as an excitation source for CFSS might be a
o useful technique. The results of our experiment showed the reverse to be
L]

B true. Based on the limits of detection obtained (see Table 4), laser-excited
)

A6 CFSS did not appear to be a viable analytical technique. The results obtain-
:3 ed, however, did provide interesting information in terms of the theoretical
. evaluation of CFSS.

« TABLE 3

38 Limits of Detection in mg/L (S/N = 3) for Ca at 422.673 nm

- Using Amplitude Modulation (AM) vs DC Measurement

, Polarizer Orientation Measurement System

K™ AM DC

(™. Al LA

~ Squared System 0.2 0.2

"

‘. Linear System 1.0 1.0
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o~ TABLE 4
|’::
A Limits of Detection (ug/mL; S/N - 3) Obtained by Laser Excited CFSS
oy
! Element A{nm) Detection Limit (ug/mL)
A8
: j Flame Furnace
" Ca 422.67 0.3 --
In 303.94 1.0 --
; Mg 285.21 0.1 -
i
i\; Na 589.00 0.03 --
Pb 283.31 -- 1.0
Sr 460.73 0.09 0.5
D
§4
!
x) Atomic Fluorescence and Atomic Ionization in Flames and Furnaces.
g Rutledge, et al. (12) have evaluated several correction methods for several
}-.
ﬁ? types of spectral and electrical interferences with a copper vapor pumped dye
,'. laser system are presented. A tunable pulsed dye laser pumped with a copper
‘;{ vapor laser was used to excite the atomic fluorescence of Li, Na, In, and Fe
v,
eﬁ( and the atomic ionization of Li, In, and Fe. Correction methods used involved
A
5 either modulation of the pulsed laser output and subsequent subtraction of
" noise or electrical bandwidth limitation of the signals to enhance the signal
>
: to high frequency laser noise ratio. These methods provided a significant
N
e reduction in high frequency interference, a major noise source with this type
®
A of pump laser. These three correction methods were shown to provide a signi-
5&: ficant improvement in the detection power of both laser-enhanced ionization
*.
and fluorescence methods. Limits of detection (see Table 5) were presented
@
" for each correction method.
': Two wavelength laser excited fluorescence and laser~-enhanced ionization
)
h? were investigated by Rutledge, et al. (13) for spatial profiling applications.
;; A recently i-troduced absorption technique (which involved measuring the dif-
./
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ferential absorption of a probe beam with a pump beam on and off) was also
investigated for spatial profiling applications and determination of absolute
number densities. This method, called concentration modulated absorption, was
inferior to the fluore-.cnce and ionization methods. A high-repetition rate,
high average power copper vapor laser with a computer controlled data acquisi-
tion and beam scanning system was used for speed, repeatability and ease of
data collection (see Figure 1). Design, construction, and associated

operating parameters were discussed.
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Fig. 1. Experimental Setup for Two Wavelength LEIS and LEAFS.
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The two-wavelength LEIS and LEAFS results demonstrated exceptional spa-
tial resolution and excellent sensitivity. The spatial results shown repre-
sented the first application of two-wavelengths LEIS and LAFS to this area.
The high-repetitive rate laser used and an optical method of scanning the
beams through the flame were shown to allow rapid determination of spatial
profiles of analyte concentrations. While the applications here were limited
in scope, it was felt that these techniques will find many applications.

Goforth and Winefordner (14,15) have described two unique graphite fur-
naces for use with laser excited atomic fluorescence. Laser excited atomic
fluorescence in a graphite furnace gives detection limits (see Table 6) for
Pb, Cu, Mn, Sn, Al, In, Li, and Pt, in the picogram to sub-picogram range
(14). The linear dynamic range for these elements varies from 3 to 7 orders
of magnitude. A grapnite rod, a plain graphite cup, and a slotted graphite
cup are compared as the cuvette in the fluorescence system. Detection limits
for a pyrolytic coating, a tantalum foil liner, and a tantalum carbide coating
of the graphite cuvette are compared. A hydrogen-argon atmosphere, a low
pressure atmosphere, and an argon atmosphere are compared as the atmosphere

surrounding the graphite cuvette. Lastly, Cu and Mn are determined in several

Standard Reference Materials.
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R TABLE 5
4

Limits of Detection (ng/mL), for All Measurement Methods

.-\-' Copper Vapor Dye Laser

':' cowv 1ss_ BLIA Moy/Aep OO
.: Laser-=nhanced Ionization Detection

" Li 2 0.3 0.1 670.8
¥ Fe 30 5.0 2.0 296.7

; ; In Y 0.6 0.2 303.9
::. Laser-Enhanced Fluorescence

s Li 14 0.8 0.4 670.8/670.8
> Fe 98 18.0 5.0 296.7/373.5
> In 43 8.0 2.0 303.9/325.9
:}v.. Na 1Y 3.0 1.0 589.0/589.0
.,

{ Excimer Dye Laser

.J" Laser-Enhanced Ionization Detection

"ty

b Li 0.7 0.3 0.5 670.8
o Na 4.0 1.0 2.0 296.7
::l' In 0.2 0.2 0.4 303.9
i

Copper Vapor Dye Laser

Bandwidth Limited Signal Processing (BLSP) - Fluorescence Detection

P Li 2 670.8/670.8
“w
:q,‘ Fe 15 296.7/373.5
iy In 3 303.9/325.9
. Na 2 589.0/589.0
e
L)
Yol
Wi CONV - Conventional method of measuring pulsed laser signals using a boxcar
b L. averager and gated integrator.
A
:;" ABS - Active baseline subtraction method using a modulated pulsed laser.
A-_.-f A Subtraction of background neise is done by the boxcar special elec-
K- tronics.
:,‘
" BLIA - Boxcar averager plus lock-in amplifier using a modulated pulsed laser.
v Subtraction of bacxkground noise is accomplished in the lock-in ampli-
. fier,
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L] Footnotes To Table 5 - Continued
%)
3 BLSP - Bandwidth limited signal processing in which high frequency laser noise
' is not amplified while the signal is amplified to increase signal to
4 noise ratio of fluorescence signals.
-
e
TABLE 6
: Comparison of Hydrogen-Argon (H,-Ar), Argon (Ar),
S and Low Pressure (LP) Atmospher'ma
'l:
e Limits of Detection (pg)P UARC Sloped
o H2-Ar‘ Ar LP H2-Ar Ar LP H2-Ar' Ar LP
" 0 0 2
w: Cu 7.x1) 2.x10 2.x10 4.5 5 3 0.91 1.05 0.95
1
" Mno 7.x10° 1.x10° 7.x10° 3 4 3 0.98 0.98  1.05
Pt 5.x10] 1.x100 2.x10" 3 3.5 > 0.93 1.05  0.90
2 sn 2.x107! 1.x10] -- >6 5 - 1.00 0.95 --
- n s.x127¢ 3.x107 7.x107! 6 6 5 1.10 0.91  1.50
A%
s L 4.x10° 4.x10° 4.x103 3 3 2.5  0.90 0.92  0.62
Y L allquots
iy
:'.: “imit of detection is defined as 3 o/m, where o = standard deviation of the blank
e ind m = slope of calibration of curve.
r,) . sefil Analytical Range (orders of magnitude).
‘N
:g rjJlope 2f 1log signal vs log mass calibration curve.
‘o
&Y
~)
AN
Go.orth and Winefordner (15) also designed a unique furnace-laser excited
s, fluorescence system in which the laser excitation and the fluorescence collec-
ALY
4
L)
R4 ticn optics are co-linear to allow use of the conventional AA furnace systems.
' Teteaotion limits are given in Table 7. The instrumental system is shown in
>
-": Figure 2.
s
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N TABLE 7

. Limits of Detection by Laser Atomic Fluorescence
Spectroscopy® for the Tube Furnace

31? Wavelength, (nm) Limits of Detection (pg)
N

b " Element Exc FL Tube ? Cup® GFASSH

) Al 394 .4 396.2 1x10° 5.x102¢ 1.x100
W Cu 324.8 327. 4 8.x10° 2.x10° 2.x100
3‘)':: Mo 313.3 317.0 1.x10§ nsf 1.x10°
Wy v 385.6 41,2 2.x10° st 2.x10"

" 3Limit of detection is defined as 30/S, where ¢ = standard deviation
N of the blank and S = slope of calibration curve; 5 uL volumes were
1% used.
)
bThis work.
CPrevious work from this laboratory, (7).
2 dFr‘om other works.

¥

€Hydrogen-argon atmosphere.
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%Qi Patel and Winefordner (16) have used a demountable glow discharge source

Qh‘ for the atomization of the analyte solutions deposited on graphite and copper

?”: - rod cathodes. Indium atoms were sputtered-atomized from the cathode surface

E:; ar. excited by a pulsed, frequency-doubled dye laser pumped by the nitrogen
?’. laser. Atomic fluorescence measurements were performed using a non-resonance
gi) fluorescence transition. The detection limits of indium in aqueous solutions
,?' (10 uL) deposited on graphite and copper electrodes were 8 x 1079 and 11 x

e 1079 g, respectively (8 ng and 11 ng).

ﬁ} Diagnostical Studies of the ICP. Krupa and Winefordner (17) have eval-
gﬁ uated the RF power dependency :f several elements employing ICP-AES and ICP-
h

i excited-ICP AFS and AAS in the extended sleeve torch. The fluorescence inten-
:}: sity of the non-refractory elements was shown to be inversely proportional to
:3 power, while the sensitivity for refractory elements increased with increasing

rf power to the atomization cell ICP. The alkaline earth elements, however,

have more than one maximum in the fluorescence vs power curves, which may be

3 due to a complex equilibrium between these elements and the dissociation
13. products of water. The influence of power and water vapor on the Ar meta-
‘:3 stable absorbance have also been investigated.

)
%~: Although these results were inconclusive, they seemed to indicate that
fi& water and its dissociation products play a major role in the atomization/
is excitation process in the extended sleeve torch ICP. This was especially
Eg apparent for the Ar metastable population and might be responsible for the
;;j hehavior of the al<aline earth metals. Work is presently in progress to

~' determine spatially resolved populations in hydroxyl, hydrogen and oxygen
‘§% species in the IZP. These measurements may provide us with information which
R

will lead to an explanation of these curves, and to a better understanding of

-
-
.\.'

T

he extended s5i~eve torch atom reaeservoir.
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Huang, et al. (18) have also studied the effect of RF power for the
extended-sleeve torch ICP on laser excited fluorescence and emission. Rela-
tive laser excited fluorescence and emission intensities as a function of RF

power were measured for Ca(I), Ca(II), Ba(I), Ba(II), Mg(I), Mg(II), Na(I) and

Cu(I). The behavior of the signals as a function of RF power was found to

show, in most cases, unexpected behavior compared to previous studies with a
conventional short ICP torch. In some cases, unexpected dual maxima or minima
occurred in such plots. The effect of an easily ionized element, K, on Ca(I)
and Ca(Il) fluorescence was also studied using the extended-sleeve torch and
the results Iindicated a considerably larger ionization interference than
exists with the conventional short torch. Although the extended torch has
found some use for laser excited-ICP-fluorescence and ICP excited-ICP fluores-
cence, researchers snould be wary of unexpected variations with power and
substantial ionization interferences.

Huang, et al. (19) measuwed the radial distribution profiles of ground
state atoms and/or ions for calcium, manganese, and copper in an inductively
coupled plasma have been measured using an excimer (XeCl) pumped dye laser as
an excitation source of fluorescence. As a comparison, radial emission pro-
files also have been measured with an Abel-inversion procedure. In our low-
flow nebulizer plasma system at low observation heights, the profiles of ex-
2ited state atoms and ions resembled each other with a minimum in the center
»f the plasma. The profiles of ground state atoms and ions, however, posses-
~nd a4 nell shape except for calcium ground stiate ions whicn nad a doubled-
peeavsed distribution.

smenetto, et al. {(20) showed thit when two pulsed dye iasers are turned

in spatial and temporal coinecidence to two connected atomic transitions in a

o

caner e Slasma, the resonance Tlusrescence monitored from the first exeited
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level decreased due to the depletion of the population ¢f that level induced
by the second laser excitation step. The monitoring of such a decrease (fluo-
rescence dip) was shown from simple theoretical considerations to be useful
for diagnostic studies and for the evaluation of some fundamental parameters
of the atomic transition involved in the second~excitation step. Both steady
state and transient behaviour were discussed. The information content of the
fluorescence dip was similar to that of the saturated fluorescence signal.
However, several distinct advantages were offered by the new technique espe-
cially when the level reached by the second excitation step was close to the
ionization limit of the atom.

Fluorescence dip spectroscopy is another tool for diagnostic studies of
flames and plasma. From the theoretical considerations, the main characteris-
tics features of the technique can be summarized as follows.

(1) When steady state conditions are warranted, as for example in the
double-resonance ionic fluorescence case, the information provided by the
fluorescence dip is the same as that obtainable by measuring the fluorescence
from the final excited level under saturated conditions. The technique offers
nigh spatial resolution since it probes the intersection of the two focussed
laser beams. As in conventional fluorescence, scattering has to be avoided.
However, the relative fluorescence dip is independent of the total number of
atoms and therefore pre-filter and post-filter effects on the observed signal
are unimportant.

(2) In the presence of ionization losses and metastable levels acting as
tra; s for the atoms, time resolved fluorescence measurements of the dip are
directly related to tne absorption oscillator strength of the transition
nausing the dip. This featurs {3 highly attractive, particularly when the

seznnd 3tep is a two-photon abuorption transition to a hiznly excited level
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whose c¢ross section can therefore be accurately evaluated. Here, the dip
technique is significantly advantageous since the fluorescence from the final
level would be hard to detect because of the ionization losses and the ioniza-
tion signal is not unequivocally related to the absorption strength of the
transition.

(3) In some cases, the first and second excitation transitions do not
share a common level, i.e., when the upper level reached by the first step
differs from the lower level of the second excitation step. This would occur
when the first laser couples levels 1 and 2 while the second laser connects
levels 2' and 3. 1In this case, a dip in the resonance fluorescence signal may
or may not be cbserved, depending upon the character of level 2', i.e., on how
fast this level is coupled with level 2. if level 2' is metastable, a dip
should not be observed during the short interaction time considered in this
raper. On the other hand, if levels 2' and 2 are strongly coupled by colli-
sions, a dip should easily be observed. It then follows that fluorescence dip
spectroscopy can also be used to study relaxation effects between levels.

(4) When the second excitation step proceeds directly into the ioniza-
tion continuum (photoionization) or reaches a Rydberg level from which colli-
sionally assisted ionization is almost instantaneous, the absolute magnitude
of the fluorescence dip will reflect the ionization yield.

Li, et al. (21) have calculated and measured axial signal profiles of
analyte molecular, atomic, and ionic excitation. Such profiles are easier to
deal with theoretically than radial profiles because the central channel is
more homogeneous than any other part of the part in the plasma.

The large radial regions investigated in spatially resolved measurements

may render tne conventional ULTE-based models inappropriate for mechanism

aluridation. A more general (stochastic) dynamic model was established, where
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:: A equilibria and steady states were considered as special cases. Kinetics of
".::'!: rate determining reactions such as dissociation, atomization, ionization, and
’ recombination were considered. For mathematical simplification, we imagined
'.:_ that the vapor plume resulted from a single aerosol particle and the kinetic
O
?" ' processes taking place were then closely followed. In our case, diffusion was
-:'_ approximated as volume expansion under constant pressure. The resultant
A e
: analyte distribution observed should then be a good approximation to the real
oy

. one, assuming an ICAP with reproducible experimental conditions and a uniform
:. ‘ solution droplet size distribution. By comparison of the simulated height
:z': profiles using different rate constants with experimental height profiles,
]
' analyte atomization and ionization could be more precisely described. On the
:_::. other hand, measurements of experimental height and evaluation of statistical
E moments allows estimation of reaction rate constants.
‘- Li, et al. (22) also have measured the height-resolved atomic and ionic
b}

J emission profiles of calcium and magnesium were characterized by their statis-
-. tical moments. The zeroth and first moments were employed for estimating rate
. constants of atomization, kD, ionization, kI' recombination, kR, and vapor
::\ plume expansion, Ky. Because the initial number density, Ng» of the molecular
._&% analyte species in the vapor plume resulting from a single solution droplet
0
:"\-" was not measurable, only kI could be estimated directly from the signal pro-
::?, fiies Rate constants kp and kg could be calculated using an educated guess
ol

'..4;:‘:: of k)(' Tne expansion constant, kX’ could only vary within a narrow range
.‘-‘: Limited by the difference w = (Sy); - 1/8, i.e,. 1/wlky<2/w, where S;); repre-
'— . sents the 15t moment of species 1 and 8 was the sum of rate constants kp + kg
B -
-: * 4y. Comparison of signal ind simulated profiles the rf power depandence of
I
TN “yeAS rf power was increased, kX decrcased slightly, resulting in a signifi-
;:. ~2ant (icrease in kD.
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The power dependencies of k1 for Ca was different from that for Mg. The
fast increase in ky with rf power made ionization less favorable as a rate
determining step in Ca excitation at high power. Mg had a kI nearly indepen-
dent of rf power. Its atomic and ionic profiles varied with power in the same
manner, whereas Ca(l) profiles showed a shift with power. Furthermore,
Mg(II)/Mg(I) ratio at a given height was essentially invariant with solution
concentration.

Surface Burners for Atomic Spectrometry. Krupa, et al. (23-25) have

designed surface burners for diffusion flames for use in atomic absorption,
emission, fluorescence, and ionization spectrometry. These burners produced
extremely laminar, homogeneous flames which did not flashback even for such
high burning velocity gas mixtures as C2H2/O2 H2/02, etc. These burners will
be of wuse in combustion diagnostics (25) as well as analytical chemistry
(23,24). Several flame types with measured temperatures are given in Table 7.

Because of the versatility of such burners, flames with almost any tem-
perature and composition can be prepared with no danger of flashbacks. The
addition of oxygen to a premixed air-C,H, flame improved AA LODs for some ele-
ments, particularly Ca and Cr, by an order of magnitude or more. However, the
LODs of refractory elements were 1-2 orders of magnitude worse than in the
premixed N50-C,H, flame, even though temperatures up to 3000 K were achieved
with the oxyhydrogen diffusion flame (see Table 8); these LODs sho>uld be
improved by switching to a N,0-C,H, primary flame with the addition of 0, at
the surface.

The diffusion flames which were produced on this burner were immune to
flashbacks. Because of this, any slot width could be tolerated. HMaking the

slot wider would provide a suitiable burner for the nebulization of slurry

samples which eould readily elog conventional slot burners.
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TABLE 8

Measured Flame Temperature of Various Fuels Burning
in Oxygen and Diluted with Argon

Fuel Temperature Range (K)
H2 1190-3160
CH2 2360-2990
C2H2 2140-3470
Gasoline 2230-2750
Hexane 2590-2910

Other Diagnostical Studies. Zizak, et al. (26) reported the first use of

a c¢ross beam polarization spectrometry method with pulsed dye lasers in
flames. In this work, polarization spectroscopy has been used in a flame with
a beam-crossing configuration. 'The potential utility of the technique for
combustion diagnosis has been investigated. A probe volume of <1 mm3 could be
easily acnieved with a low crossing angle between the beams, and single-shot
signals could be detected in atmospheric pressure acetylene-air flame. Use of
a pulsed dye laser offered the possibility of extending the technique to other
atomic or molecular species, which absorb in the visible or UV spectral
regions. The rather low sensitivity obtained in our experiments could be
improved by an order of magnitude or more by use of a better experimental
arrangement (e.g., better polarizers). The major drawback of the polarization
technique for combustion diagnotics seemed to be due to the collisional redis-
tribution of the population of the magnetic sublevels. The influence of gas
composition on the signal strength must be investigated for quantitative
measurements of total number densities in the combustion gases.

Patel and Winefordner (27) have evaluated a demountable glow discharge
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source as an atomization source (cell) for atomic spectrometric studies of
several analytes sputtered from copper and graphite cathodes. The consti-
tuents of sample material (major, minor and trace levels) atomized in the glow
discharge source during the sputtering process have been studied from the
characteristic emission spectra of the excited species. Atomic, ionic, and
molecular species have been observed depending upon the experimental condi-
tions in the source. The performance of the di .harge source with respect to
the influence of various parameters on intensities and intensity ration -
current, voltage, pressure, and type of support gas - on spectral characteris-
tics have been investigated in order to optimize conditions leading to the
nighest number densities of the analyte species, the lowest spectral back-
grounds, and minimal interferences. Spectroscopic excitation temperatures and
electron number densities have al=o been evaluated.

Zizak, et al. (28) have developed a cross-beam saturated interference
spectroscopic method for spatial number density profiles in flames and
plasmas. The technique involved the use of a pulsed Nz-dye laser producing 2
counterpropagating probe beams which underwent constructive interference at
the detector. A pump beam which interacted with analyte species in one of the
beams destroyed the zero base line resulting in a signal proportional to the
square of the number density. Unfortunately, the method was subject to
spatial and temporal difficulties of the probe beam resulting in a poor
signal-to-noise ratio and had a poor sensitivity.

Other Analytical Studies. Kujirai, 2t al. (29) designed and evaluated a

second derivative, wavelength modulated atomic emission-atomic fluorescence
flame spectrometer. Atomic emission and flusrescence signals wore collected

simultaneously with sinusoidal wavelength modulation and detection »f the

secnnd narmonic mode. The system consisted of a continuum source, 1o >-
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::E: separated air/acetylene flame and a wavelength-modulated monochromator.
N,
;' Limits of detection of several elements were measured. This method was
w:' ’ applied to the analysis of a copper alloy, and Co, Cu, Fe, Mn, Ni, Pb, and Zn
:% were successfully determined.
“ Lanauze and Winefordner (30) evaluated the use of pulsed laser photo-
N::‘s acoustic flame spectrometry for elemental analysis. This approach has been
:':: applied for the first time as a technique for elemental analysis in flames.
L
T—" The limit of detection achieved for Na was 780 ng/mL. For Mn, Sr, T1l, and Ca,
:.4 the sensitivity was found to be very poor as compared with Na, but no explana-
E:: tion is available at the moment. Photoacoustic spectroscopy is not expected
" to be as sensitive as any of the now existing spectroscopic techniques for
elemental analysis.

- Modification on the system used (30) could lead to an enhancement of the
signal to noise. Minimization of the flame background acoustic noise, a
Lﬁ higher laser irradiance so as to achieve saturation of the transition, use of
o
; ‘E:E a signal averager to acquire and integrate the complete waveform, and correla-
f' tion techniques are some of the possible improvements. Despite this, photo-
’.'-:: acoustic spectroscopy 1Is not expected to be more sensitive than emission,
.
:';‘_ absorption or fluorescence spectroscopy. Also, in contrast to the optical
AL
;f' methods mentioned, simultaneous multielement analysis 1Is not possible with
28 pnotoacoustic spectroscopy or with any other photothermal method since selec-

tivity i3 acnieved only in the excitation step. ZEven in the area of combus-

5 tion diagnssties, the technique is not expected to have much impact because of
':,' irfinuity of obtaining spatially resolved measwrements and the apparent
\ Doty f applying the technique to real (turbulent) combustion sys-
J':: '
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2.; Lanauze and Winefordner (31) also applied pulsed dye laser polarization
:"‘ spectroscopy to elemental analysis in flames. The approach involved the
*:' detection of a coherent beam of light (dye light), and so the detector could
"E be situated far away from the sampled point (120 em in our case). In this
e

?’ way, the solid angle defined by the detector could be made very small, and the
‘: contribution to the background from fluorescence, scatter, and/or emission
:‘: become negligible. By the nebulization of 1000 mg/L solutions of Na and Al
[

e (as A1C13) into the flame to check for fluorescence and scatter in the pres-
‘_.: ence of the pump beam (no probe beam), no measurable change in the background
-' :-i could be observed. The limit of detection for Na (S/N = 3) was found to be 2
;* ug/L for averaging 3000 pulses. It must be pointed out that this limit of
:‘):‘_3 detection was obtained with a maximum achievable extinction ratio of only 200.
:_E' Assuming shot-noise-limited congiitions, and improvement in the polarizer
;" extinction ratio of 10“ (an extinction ratio of 106 is specified for these
‘“ polarizers) would decrease the limit of detection to ~20 ng/L (i.e., 20 pptr).
( Further reduction in the extinction ratio, better beam quality, detector with
e

a higher sensitivity and lower dark current when working near the limit of

O

~$: detection, higher pump intensity ({(only =500 uJ/pulse was available from our
nl -

‘.' > .

"_‘:.-, system), and use of fine-adjustment rotators for the polarizers should result
.' in further improvement of 1limits of detection. Based on these preliminary
N I-J . . I3 .

o results, we expect polarization spectroscopy to become a very sensitive tech-
i
'«::jj nique for trace elemental analysis.

ay
@ Other Analytical Studies. Tremblay, et al. (32) studied the direct
Vel R . . .

introduction of solid samples into an inductively coupled plasma (ICP) was
":::' studied using ablation of metals by a focused XeCl excimer laser. The laser
L

,-"’.

et pulses formed a very energetic microplasma at the metal surface from which the
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ablated species were carried into a stream of argon and were detected using a

J' gated integrator/boxcar averager. This méthod was applied to the analysis of

; Ni and Cr in stainless steel.

E Tremblay, et al. (33) also used a pulsed tunable dye laser pumped with an
:3 excimer laser to excite lonic fluorescence of the rare earth elements in the
:l inductively coupled plasma. Because several flucrescence lines have been obh-
* served after laser excitation, it was possible to draw partial energy level

diagrams for most of the rare earths. Non-resonance fluorescence lines were

. used for all measurements in order to minimize spectral interferences. Detec-
; tion limits at given excitation wavelengths are reported for each element (see
F: Table 9). Laser excited ionic fluorescence has eliminated the problem of

spectral interferences which has been associated with the analysis of the rare

earths by atomic emission spectrometry in the inductively coupled plasma.

.~...
o % u Al

Yeah, et al. (34) evaluated the hollow cathode lamp-inductively coupled

13 plasma-atomic fluorescence spectrometer system (Baird) for the measurement of

s 7

‘G

'd Na, Cu, Ni, Ag, Fe, Al, Cr, and Mg in a variety of organic solvents. Kerosene

proved to be the best solvent. The system was evaluated for the effect of

I

. solution flow rate, oil content, 02 flow rate, RF power and observation height

. for the measurement of those eight elements in a 2% 0il-98% kerosen- mixture.
'i Analytical figures of merit, including detection limits (see Table 10), linear

> . ’

j ranges of response, stability with time, and spectral interferences, were

4

_j - evaluated for the 8 elements present as metallorganic compounds. The analysis

¢ of several standard reference materials showad excellent agreement with the

. certified values.
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g TABLE 10

4,

" Analytical Figures of Merit for Several Metals in
- Organic Solvents by HCL-ICP-AFS?

’

he Analytical Figures of Merit (ug/mL)
o Metal Detection LimitP Upper Concentration®
,.: Na 0.006 10

1

o Cu 0.05 250
o Al 0.1 500
Ko Cr 0.1 250
Ay

n Fe 0.01 500
o

> Ni 0.07 500
- Ag 0.03 125
- g 0.0004 10
‘ ApF power = 500 W; 1.0 mL/min solution introduction rate; 30
N cn?/min O, flow rate

::: bDetecLion limit defined as concentration giving S/N = 3
CUpper concentration is that concentration where the calibration

curve has decreased to 5% of the value on the linear curve
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